Abstract: Microstructure and mechanical properties are key parameters influencing the performance of structural multi-phase alloys such as those based on intermetallic TiAl compounds. There, the main constituent, a γ-TiAl phase, is derived from a face-centered cubic structure. Consequently, the dissociation of dislocations and generation of stacking faults (SFs) are important factors contributing to the overall deformation behavior, as well as mechanical properties, such as tensile/creep strength and, most importantly, fracture elongation below the brittle-to-ductile transition temperature. In this work, SFs on the {111) plane in γ-TiAl are revisited by means of ab initio calculations, finding their energies in agreement with previous reports. Subsequently, stacking fault energies are evaluated for eight ternary additions, namely group IVB-VIB elements, together with Ti off-stoichiometry. It is found that the energies of superlattice intrinsic SFs, anti-phase boundaries (APBs), as well as complex SFs decrease by 20-40% with respect to values in stoichiometric γ-TiAl once an alloying element X is present in the fault plane having thus a composition of Ti-50Al-12.5X. In addition, Mo, Ti and V stabilize the APB on the (111) plane, which is intrinsically unstable at 0 K in stoichiometric γ-TiAl.
Introduction
Titanium aluminides are intermetallic compounds and alloys with a wide reach for high-temperature applications. These range from low-pressure turbine blades in the aircraft industry to turbocharger turbine wheels and valves in the automotive industry [1] [2] [3] . Their outstanding properties include low mass density, high specific strength and stiffness and good creep properties up to 750 • C. They outperform titanium alloys by their good oxidation behavior and burn resistance [2] . In contrast to ceramic materials, titanium aluminides also exhibit the ability to plastically deform at room temperature [4] .
Current state-of-the-art TiAl alloys consist of a close to face-centered cubic (fcc) γ-TiAl phase, a hexagonal α 2 -Ti 3 Al phase, a body-centered cubic (bcc) β o -TiAl phase, and, occasionally, additional minor phases [1] . However, the main constituent is the γ-TiAl phase, which fundamentally influences the alloy properties during processing, e.g., hot-forging and application.
The γ-TiAl phase has an L1 0 structure which is a tetragonally strained fcc lattice with (001) planes occupied alternatively by Ti and Al atoms. Therefore, stacking faults (SFs) become a topic of a great importance, similar to fcc metals, in which a stacking fault is a deviation from the normal stacking sequence . . . ABCABC . . . of the (111) planes. The stacking fault energy (SFE), γ, an energy stored by the stacking fault defect, has a huge impact on a plastic deformation behavior of fcc metals. It determines the spreading of dissociated partial dislocations and, therefore, influences the cross-slip properties of screw dislocations. It is observed that metals with smaller stacking fault energies exhibit more mechanical twinning whereby they possess an additional deformation mechanism [5] . Especially, this effect was utilized in the development of novel high-strength γ-TiAl-based alloys exhibiting a certain ductility at room temperature. Here, the reader is referred to [1, 2] and the papers cited therein.
Measuring the stacking fault energies experimentally is, nevertheless, non-trivial. Most commonly, they are measured indirectly using transmission electron microscopy (TEM) from the separation of partial dislocations. Such an experimental procedure is, however, time consuming and deals with all the difficulties related to a multi-phase complex alloy (non-homogeneous concentrations, stresses, sample preparation, to name a few). Consequently, experimental works dealing with this topic in γ-TiAl are scarce [6] [7] [8] [9] . Hence, theoretical studies of stacking fault energies comprise a welcome alternative to examine stacking faults. These included both ab initio methods [10] [11] [12] [13] [14] , as well as empirical atomistic modeling [15] [16] [17] .
Nonetheless, the "real" alloys go beyond the simple binary Ti-Al system [1, 2, 4] . It is therefore of immense interest to know what impact alloying has on the SFEs and, consequently, on the expected deformation mechanisms. A rare example of such modeling effort is the study of Woodward and MacLaren [18] , who used the coherent potential approximation (CPA) to investigate the impact of Nb and Cr on SFEs in γ-TiAl. This formalism, however, does not allow for any relaxations of the local atomic environments. Moreover, information on other alloying elements, namely the group IVB, VB, and VIB transition metal (TM) elements, commonly used experimentally, is still missing. The aim of the present study is to fill this gap by investigating the impact of ternary alloying elements on planar faults in γ-TiAl using ab initio techniques.
Methods

Geometry of Planar Defects in γ-TiAl
The stacking faults in fcc materials are irregularities of stacking the (111) planes. Let A, B and C denote the three configurations of the close-packed (111) planes, being mutually displaced by a vector 1/6[211] SFE expresses the energy difference between the faulted, E faulted , and perfect, E perfect , configurations per unit area, A:
This energy can be calculated not only for the special translations corresponding to SFs as described above, but for any displacement vector b, hence yielding the generalized stacking fault energy (GSFE) surface [19] . In addition, to the actual values of SFEs, the GSFE surface contains also energy barriers that need to be overcome when an SF is created. In this work, we discuss SFs on the {111) planes; hence, GSFE surfaces are evaluated along u and v coordinates decomposing
It is worth noting that generalization of ESF for the L1 0 structure yields the superlattice extrinsic stacking fault (SESF), which is, however, not compatible with a single shear plane. Since it is not contained by the simple GSFE surface, it will not be discussed any further in this work. For similar reasons, we do not include twin boundaries or APBs on the {010) planes.
Modeling of SFs
One possible approach for simulating SFs is to build a 1 × 1 × n supercell of cells having the fault planes perpendicular to the a 3 lattice vector. Subsequently, a section of the supercell is displaced in the a 1 a 2 plane (fault plane) so as to produce an SF with b, and if necessary, a layer is removed in order to restore the periodic boundary conditions (Figure 1 ). In some cases (e.g., APB), this approach implies that there are two SFs per supercell. In this work, we assumed another approach, which allows for a straightforward evaluation of GSFE. The Cartesian positions of all atoms remain unchanged in the whole supercell, and instead, the supercell vector n a 3 is tilted to become n a 3 + b. We note that, strictly speaking, these two approaches are inequivalent if the atomic relaxations are performed along the supercell lattice vector directions. In particular, to calculate SFE, one typically fixes the atomic positions in the SF plane and relaxes the positions (forces) in the a 3 direction. This direction is perpendicular to the SF plane in the former approach with the displaced geometry, while it is slightly tilted away in the latter approach. The actual difference on the predicted results will be discussed later in the text and will be shown to be negligible in the present case provided the supercell size n is large enough (the tilt decreases with increasing n).
Computational Details
The present quantum mechanical calculations are based on density functional theory (DFT) [20, 21] as implemented in the Vienna Ab initio Simulation Package (VASP) [22, 23] . The basis set contained plane waves corresponding to energies lower than 400 eV. Our convergence tests showed that together with the 17 × 17 × 17 Monkhorst-Pack mesh sampling the Brillouin zone of the γ-TiAl conventional cell with 2 Ti and 2 Al atoms, this cut-off energy should guarantee total energy accuracy in the range of a few meV/at. The exchange and correlation (xc) effects were treated within the generalized gradient approximation as parametrized by Perdew and Wang (GGA-PW91) [24] . The structural relaxations were carried out until the forces changed less than 0.03 eV/Å, while each electronic loop was converged until the total energy changes were smaller than 10 −7 eV (per simulation box). SFEs for the stoichiometric γ-TiAl were evaluated for n ≥ 5 (at least 15 {111) planes), while the alloying studies, which required laterally larger cells, were performed for n = 2 (in total, six {111) planes).
Results and Discussion
SFE in γ-TiAl
The calculated SFEs are summarized in Table 1 . In addition to the method based on tilting the supercell vectors, also a complementary method based on displacing a rigid block of the supercell [13, 14] was employed. The differences are negligible. Similarly, our calculations predict only a small decrease of the SFE values (below 6%) when the local density approximation (LDA) is used instead of GGA. Test calculations with respect to the supercell size also suggest that the used models are large enough to yield converged results. The values calculated here lie in the range of previously published predictions based on DFT. Consequently, the GGA-PW91 xc potential together with the tilted supercell geometry were used for all subsequently discussed results. Figure 2 shows the calculated GSFE surface with its profiles along dissociation paths for 
The APB turns out to be an unstable fault at 0 K as is does not correspond to a local minimum on the GSFE surface. This is in agreement with previous reports [10, 14] . On the contrary, both SISF and CSF are stable; in order to produce them, however, barriers of ≈335 mJ/m 2 and ≈550 mJ/m 2 , respectively, must be overcome when starting from a perfect stacking. We note, that these barriers correspond to the GSFE energy profiles along rigid pathways (as visualized in Figure 2 ), without attempting to estimate exact lowest-energy pathways. Even more importantly, it becomes apparent that the displacement vectors, b, of the planar defects (i.e., positions of the local minima on the GSFE surface) do not correspond with the geometrically-determined ones based on the hard-sphere model. In particular, the CSF is shifted by approximately −0.018 112] (0.11( b APB − b CSF )), which is clearly visible also in the profile in Figure 2a . This actually lowers the γ CSF from 415 mJ/m 2 down to 383 mJ/m 2 . Such an effect with similar magnitudes of displacements was previously predicted [10, 11] . During the construction of the GSFE surface, the atomic coordinates in the {111) plane were fixed, while a relaxation along the 111] direction was allowed. Nonetheless, the SF energy can be decreased even more by fully relaxing the atomic positions once the geometry of the faulted material is trapped near the local energy minimum. This leads to a further decrease of SFEs to γ APB = 635 mJ/m 2 , γ CSF = 370 mJ/m 2 and γ SISF = 173 mJ/m 2 (see Table 1 ).
Impact of Alloying Elements
In order to tune various application-related properties, alloying elements are introduced to γ-TiAl-based alloys. This section thus presents predictions of the impact of early transition metals (TMs, group IVB-VIB elements) on SFEs of γ-TiAl. Experimentally, the most relevant are Ti-rich compositions [1, 3, 25] . Moreover, the early TMs preferably occupy the Ti sublattice in γ-TiAl [26, 27] . Therefore, a scenario with a Ti anti-site (Ti atom on the Al sublattice) and a TM substitutional atom on the Ti sublattice was considered. The supercells consisted of six {111) planes, each containing eight atoms (a 2 × 2 supercell laterally), and the calculations were performed using the tilted a 3 geometry (Figure 1 ). Both the alloying element (having a concentration 1/48 ≈ 0.02) and the Ti anti-site were put in the fault plane. The results are summarized in Figure 3 . The SFEs are predicted to significantly decrease by 20-40% as a result of the alloying (see Figure 3a ; atomic positions were relaxed only in the direction perpendicular to the fault plane). Regarding the SISF, the biggest impact has Ti simply leading to a bigger Ti/Al non-stoichiometry (Al/(Ti + Al) = 47.9) in comparison with the ternary systems (Al/(Ti + Al) = 48.9). From the ternary additions, the most pronounced effect has Mo (γ SISF drops by 36%) closely followed by Ta. The largest reduction of the CSF energy is caused by Cr, V and W, while the APB energy is most significantly decreased by Mo and W. The relative reduction of SFEs is even more pronounced when the full atomic relaxation is performed (Figure 3b) .
The SFEs presented in (Figure 3 contained the alloying element directly in the fault plane. In order to see how localized the alloying impact is, we calculated the SFEs for the off-stoichiometric TiAl, i.e., 52Ti-48Al, as a function of the distance of the substitutional Ti atom from the fault plane. It turns out that the huge SFE reduction happens only in the case when Ti is directly in the SF (N = 0 in Figure 4 ). When positioned in the neighboring layer (N = 1), SFE is still decreased with respect to the stoichiometric value (most significantly in the SISF case). For N ≥ 2, the SFEs stay practically constant, though slightly lower than in the stoichiometric case. (Table 1) .
Alloying does not only influence the SFE, but the whole GSFE surface including its topology. Figure 5 gives an example of the GSFE profiles along the two dissociation paths, Equations (2) and (3), for γ-TiAl + Nb. When compared with analogous profiles in Figure 2 , two observations can be made. Firstly, in addition to lower values of the local minima, also the local maxima (transformation barriers) are lower, leading to an overall easier creation of SFs. Secondly, while the APB was predicted to be unstable for stoichiometric γ-TiAl, a shallow local minimum is developed in the case of TiAl + Nb, suggesting that Nb stabilizes this fault geometry. A similar effect was predicted also for the V and Ti off-stoichiometry (52Ti-48Al). [112]
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[011] . GSFE profile for Ti-48Al-2Nb along the (a) Equation (2) and (b) Equation (3) dissociation paths.
Comparison with Experiment
A critical point for validating theoretical predictions is a comparison with available experimental data. The reported values for SISF energies decrease with Ti content from ≈140 mJ/m 2 for Ti-54Al [6, 7] to ≈97 mJ/m 2 for Ti-49.6Al [8] to 67 mJ/m 2 for Ti-48Al [8] . While these values are lower than those predicted by the ab initio methods (which, however, are all mutually consistent, cf. Table 1 ), the theory and the experiment agree on ordering the SFE as γ APB > γ CSF > γ SISF ([6,7] and Table 1 ), as well as on the decreasing value of SISF energy with increasing Ti content ( [8] and Figures 3 and 4) . Seemingly better agreement is obtained between experiment and semi-empirical atomistic simulations yielding SISF energies in the range from 3 to 250 mJ/m 2 (see [7, 10] and the references therein). This is, however, not surprising since SFEs are often contained in the set of data used for fitting the interatomic potentials. Moreover, our own molecular dynamics calculations yielded an apparent disagreement between the SFEs' hierarchy using two embedded-atom method potentials [28] : while the one parametrized by Zope and Mishin [29] yields γ CSF > γ APB > γ SISF , the one by Farkas and Jones [30] results in the same ordering as the ab initio calculations. SISF energies for Nb-containing γ-TiAl were experimentally measured to be 63 mJ/m 2 for
Ti-48Al-1Nb [9] and 66 mJ/m 2 for Ti-45Al-10Nb [8] . Using the value of γ SISF = 97 mJ/m 2 reported for almost stoichiometric TiAl [8] , Nb causes γ SISF to drop by ≈30%, a value in an excellent agreement with our predictions (cf. Figure 3) . It is worth noting that since we estimated that Nb impacts SFE only when present directly in the fault plane (or a plane next to it) and since each of the {111) planes in our supercells contained eight atoms, we predict a drop by ≈30% effectively for Ti-50Al-12.5Nb. Consequently, we conclude that the ab initio predicted SFE values agree only semi-quantitatively with the experimental observations, but are expected to be representative of the prevailing trend: early TMs (group IVB-VIB elements) decrease SFE in Ti-rich γ-TiAl alloys. They increase valence electron concentration, which according to Thornton's semi-empirical observation, leads to a decrease of the SFE [31] . Therefore, alloying these elements in γ-TiAl is expected to lead to various effects, which can be utilized for advanced alloy design. For example, a decreased SFE is accompanied by a dissociation of dislocations and, hence, decreasing their mobility (climb rate) at elevated temperatures. On the other hand, a lower SFE enhances the propensity for mechanical twinning, thus increasing the ductility at temperatures below the brittle-to-ductile transition temperature. However, it should be noted that an alloying element, before being eventually selected, must fulfil also other criteria, e.g., influence on oxidation behavior, etc.
Conclusions
In this work, we presented the results of ab initio calculations of {111) stacking fault energies in γ-TiAl and ternary Ti-rich γ-Ti-Al-X alloys (X being a transition metal element). The energy of the anti-phase boundary of binary γ-TiAl was found to have the highest energy (635 mJ/m 2 ), followed by the complex stacking fault (370 mJ/m 2 ) and a superlattice intrinsic stacking fault (173 mJ/m 2 ).
Cross-checking various methodological aspects (exchange-correlation potential, geometry of the supercell, type of relaxation) revealed that the results from various methods are consistent with each other, with the only exception being the scheme for the relaxation of atomic positions (only in the direction perpendicular to the fault plane or full). Ternary additions, Cr, Hf, Mo, Nb, Ta, V, W and Zr, as well as Ti anti-sites were found to lead to a significant decrease of the SFEs by 20-40%. Such a strong impact is predicted only in the case when the ternary addition is directly in the fault plane, hence corresponding to a composition Ti-50Al-12.5X. The reduction of SFE is much smaller when the alloying element is localized in the plane next to the SF, while it is practically negligible when is it further from the SF plane. In addition to the reduction of the SFEs, our calculations predict stabilization of the APB(111) by Nb, Ti and V, a defect predicted to be unstable in stoichiometric γ-TiAl at 0 K.
